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Abstract 
The corrosion behaviour of a ferritic/martensitic steel T91 and a martensitic stainless steel type AISI 403 exposed to 
supercritical water (SCW) at 450ºC and 25 MPa for up 750 h was investigated. After each exposure period, the amount of 
oxide formed on the samples was determined by gravimetry. The oxide morphology and composition were characterized 
using scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), and X-ray diffraction (XRD). 
Results show that for both materials the oxide growth follows a behaviour between parabolic and cubic growth laws. The 
type AISI 403 stainless steel with a higher Cr content was found to have a better corrosion-resistance performance than 
the T91 steel. A dual-layered oxide scale, which was mainly composed of an outer magnetite layer and an inner Fe/Cr 
spinel layer, formed on both T91 steel and type AISI 403 SS. 
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1. Introduction 
The supercritical water reactor (SCWR) is one of the six reactor concepts that has been selected for future 
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Generation IV nuclear reactor systems as reported by the Generation IV International Forum, GIF, 2003. In a 
similar manner to fossil fired power plants, operating the coolant in the supercritical state allows for an 
increase in the operating temperatures and subsequently improves the energy conversion efficiency and fuel 
usage and thus reduces pollutant emissions. Operating above the thermodynamic critical point of water 
(374ºC, 22.1 MPa), the supercritical water coolant has both liquid-like and gas-like characteristics and a 
higher temperature than the water coolant of conventional light water reactors (LWRs). Therefore, corrosion 
of the structural materials commonly used in LWRs and fossil power plants under SCWR conditions has been 
identified as a critical problem, Baindur, 2008. 
Ferritic/martensitic (F/M) steels, stainless steels (SS) and Ni-based alloys have been considered as 
promising candidate materials for SCWR by Sun et al., 2009. However, the existing data on the corrosion of 
stainless steels in a pure supercritical water environment corresponding to SCWR conditions is scarce; 
therefore, further investigation is necessary, Kritzer, 2004. This work is part of a research program aimed at 
evaluating the corrosion resistance of several nuclear power plants structural materials in supercritical water 
(SCW). In the present work the corrosion behaviour of a F/M steel T91and a martensitic type AISI 403 SS 
exposed to SCW at 450ºC and 25 MPa for up 750 h was investigated. 
 
2. Experimental Method 
The nominal chemical composition of the materials tested is shown in Table 1. As-received stock of F/M 
T91 and type AISI 403 martensitic SS were cut into test samples with dimensions of 35 x 20 x 1.5 mm. The 
surface of the specimens was grinded with SiC paper and then mechanically polished to a 1 m diamond 
finish. Then, the samples were ultrasonically rinsed with de-ionised water, alcohol and acetone. Following 
this, the samples were weighed and stored in a desiccator until the initiation of the experiments. 
The SCW tests were performed in a static stainless steel autoclave at 450 ºC under a pressure of 25 MPa 
for time periods up to 750 h. Deareated deionized water with a conductivity of  1 S cm-1 was used for the 
experiments. The water was deareated by making vacuum in the autoclave and afterwards by thermal 
degassing at 150ºC according to ASTM G2M procedure. After each exposure period, the amount of oxide 
formed on the samples was determined by weight change. In addition the oxide film of some specimens was 
eliminated by chemically cleaning with the APAC (alkaline permanganate-ammonium citrate) method in 
order to calculate the film thickness by weight loss.  
 An ER-181A Balance with an accuracy of 0.01 mg was used to make weight change measurements.  A 
Philips SEM 515 scanning electron microscope (SEM), equipped with energy dispersive X-ray spectroscopy 
(EDS), was employed to observe oxide morphology and analyze its chemical composition across the oxide 
thickness. Surface oxide phases were identified by a Philips PW3710 X-ray diffractometer (XRD) with a      
Cu K  radiation source. 
 
Table 1. Nominal Chemical Composition of the Materials Tested (weight %) 
 
 C Si Mn P S Cr Ni  Mo Cu V Al Cb  
T91 0.1 0.28 0.45 0.009 0.003 8.37 0.21 0.90 0.17 0.216 0.022 0.076 
AISI 403 0.12 0.50 0.70 0.023 0.02 12.70       
 
3. Results 
 
Fig. 1 shows the weight change as a function of time for both T91 and type AISI 403 SS tested in 
supercritical water at 450 ºC. For both materials the weight gain increases as the exposure times increases. 
545 A.M. Olmedo et al. /  Procedia Materials Science  1 ( 2012 )  543 – 549 
The weight gain vs. exposure time curves can be described by the following generalized equation: 
 
W = k t n         (1) 
 
Where W is the weight gain of the alloy per unit area, k is a rate constant, t is the exposure time, and n is an 
exponent that describes the oxidation kinetics of the samples. This time dependence of oxide growth indicates 
that the oxide growth occurs by the diffusion of ions through the oxide layer, which is the predominant rate-
limiting step. In consequence, the increase in the diffusion distance produced by the thickening of the film 
leads to a decrease in the oxidation rate. For the T91 and the AISI 403 samples the values of n are 0.35 and 
0.33 respectively, showing that for both materials oxide growth follows a behaviour between parabolic and 
cubic growth laws. 
 
               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Weight gain data as a function of the exposure time for the samples exposed to SCW at 480 ºC/25 MPa.  T91,  AISI 403. 
 
Table 2. Thickness of the oxide layer formed on T91 and AISI 403 samples exposed to SCW at 480 ºC/25 MPa at different exposure 
times. 
 
 T91 AISI 403 
Time 
h 
dox 
m 
dox* 
m 
dox 
m 
dox* 
m 
78 3.9 4.1 2.6 2.9 
246 5.8 5.9 4 4.3 
414 6.8  5.3  
590 7.9  6  
750 8.2  6.6  
* Calculated by weight loss of specimens chemically cleaned 
 
Fig. 1 shows that within the 750 h exposition period the T91 samples showed slightly larger weight gains 
compared to the AISI 403 samples. This difference may be probably associated to the higher Cr content of the 
AISI 403 SS compared to the F/M T91 steel (Table 1). Luo et al., 2007, who studied the corrosion behaviour 
of different austenitic and ferritic steels exposed to 480ºC supercritical water, reported analogous results. 
These authors found that the 316L steel, with the higher Cr and Ni content, has the best corrosion-resistance 
performance among the steels tested. Similarly, Was et al., 2007, reported that for conventional ferritic
martensitic steels, increasing the bulk chromium concentration reduces the weight gain due to oxidation in 
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supercritical water. From the major constituent elements of stainless steels, Cr can promote the formation of a 
protective surface oxide and Ni can enhance the stability of the protective oxide, Tan, 2006. Table 2 shows 
the oxide thickness values calculated from weight changes. dox is the oxide thickness of the samples after 
oxidation and before descaling and dox* is the oxide thickness calculated by weight loss after descaling (that 
is, the corrosion penetration of the coupon converted to oxide). Similar oxide thickness values were obtained 
by both methods, thus indicating the formation of an adherent film. Although longer exposure times are 
service life expected for the GIV nuclear reactors, the corrosion penetration will be higher than 5.7 mm for a 
T91 component and higher than 4.6 mm for an AISI 403 component. 
The morphology of the outer oxide layer formed on T91 steel after a 78 h exposition to 480ºC supercritical 
water is shown in Fig. 2 while Fig. 3 shows surface morphologies of the AISI 403 steel samples after 78 h and 
246 h exposition to 450ºC supercritical water. Uniform oxide scales with granular polyhedral morphology 
were noted to form on all test samples.  
 
 
 
 
 
 
 
 
 
Figure 2. Surface morphology of T91 samples exposed to SCW at 450ºC for 78 h 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Surface morphology of AISI 403 samples exposed to SCW at 450ºC for: (a) 78 h; (b) 246 h. 
10 m 
(a) (b) 
 10 m 
10 m 
547 A.M. Olmedo et al. /  Procedia Materials Science  1 ( 2012 )  543 – 549 
These micrographs, which show the outer oxide scale, also revealed that there is little morphological 
difference between the oxide layers formed on both materials. 
After a longer exposition time, no difference was found in the morphology of the oxide scales formed on 
both materials tested. Figs. 4 and 5 show examples of the outer oxide layer morphology formed on T91 and 
AISI 403 SS after 750 h exposition to 450ºC supercritical water. The grain size increases as the exposure time 
increases and the grains are more porous, as evidenced from the holes formed in each grain. Very similar 
morphological features of the outer oxide layer were observed by Chen et al., 2006, for the oxide scale grown 
on T91 steel after exposure to 500ºC supercritical water with low oxygen content (25 ppb). 
 
 
 
 
Figure 4. (a) Surface morphology of T91 samples exposed to SCW at 450 ºC for 750 h; (b) Surface morphology of AISI 403 samples 
exposed to SCW at 450 ºC for 750 h. 
 
 
(a)      (b) 
 
Figure 5 (a) and (b). Surface morphology of AISI 403 samples exposed to SCW at 450 ºC for 750 h.  
 
EDS analysis performed at different regions on the surface samples revealed that Fe is the major 
component of the scale while the Cr content is very low (approx. 2%), thus suggesting that the outer scale is 
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mainly composed of an iron oxide layer. 
The cross-section morphology for T91 samples exposed to 450ºC SCW for 246 h along with the 
corresponding composition profiles determined by EDS, are shown in Fig. 6. The oxide scale was mainly 
composed of two different layers: the outer layer is enriched in Fe and depleted in Cr while the inner layer is 
enriched in Cr and depleted in Fe. The inner layer was found to be enriched in Mo while the outer layer was 
found to be depleted in that element. Mn was found to diffuse into the outer oxide layer. 
Fig. 7 and Table 3 show that similar cross-sectional morphology and distribution trend of elements Fe, Cr 
and Mn were found for the scale formed on an AISI 403 sample exposed to 450ºC SCW for 414 h. 
 
 
 
 
Figure 6. SEM image of the cross-section of the oxide corrosion product after exposure to supercritical water and associated composition 
profiles across the oxide thickness (line with origin in the external surface of the sample) for major elements and trace elements. T91 in 
450ºC SCW for 246 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. SEM image of a cross-section of the oxide after exposure to supercritical water. AISI 403 SS in 450ºC SCW for 414 h.            
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Table 3. Chemical composition at different regions across the oxide thickness (shown in Fig.7) for major elements and trace elements  
(weigth %).  AISI 403 SS in 450ºC SCW for 414 h. 
 
 Cr Mn Si Fe 
Zone 1 24.8 1.0 1.1 72.8 
Zone 2 22 0.9 1.1 75.5 
Zone 3 15.2 1.0 0.9 82.5 
Zone 4 1.6 0.6 0.8 97.1 
AISI 403 12.7 0.7 0.5 86.1 
 
The XRD analysis of the samples indicates the existence of both magnetite (Fe3O4) and FeCr2O4 spinel in 
the scale, which are overlapped to some extent. Combination of XRD and SEM/EDS analyses suggests that 
the outer Fe-rich layer is probably magnetite, while the inner layer is a Fe/Cr rich spinel oxide. Also Chen et 
al., 2006, concluded that inner layer of the scale formed on T91 steel samples exposed to low oxygen 
supercritical water is a Fe Cr oxide spinel compound.  
 
4. Conclusions 
 
The corrosion response of ferritic/martensitic steel T91 and type AISI 403 SS was tested in SCW at 450 ºC 
and 25 MPa for up to 750 h. Oxidation rates of all the samples showed that the growth law is between 
parabolic and cubic. Of the alloys studied, T91 experienced the highest weight gain. This trend shows that the 
increment of Cr content has a significant effect on oxidation rate. A dual-layered oxide scale, composed of an outer 
magnetite layer and an inner Fe/Cr spinel layer, formed on both materials.  
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